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Abstract: We study the cosmological evolution of asymmetries in the two-Higgs dou-
blet extension of the Standard Model, prior to the electroweak phase transition. If Higgs
flavour-exchanging interactions are sufficiently slow, then a relative asymmetry among the
Higgs doublets corresponds to an effectively conserved quantum number. Since the magni-
tude of the Higgs couplings depends on the choice of basis in the Higgs doublet space, we
attempt to formulate basis-independent out-of-equilibrium conditions. We show that an
initial asymmetry between the Higgs scalars, which could be generated by CP violation in
the Higgs sector, will be transformed into a baryon asymmetry by the sphalerons, without
the need of B−L violation. This novel mechanism of baryogenesis through (split) Higgso-
genesis is exemplified with simple scenarios based on the out-of-equilibrium decay of heavy
singlet scalar fields into the Higgs doublets.
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1 Introduction
There is at least one Higgs boson [1, 2]; maybe there are more. Multi-Higgs doublet models
contain new sources of CP violation, which is one of the required ingredients [3] for baryo-
genesis. It is therefore interesting to consider whether CP violation from the Higgs sector
could be used to generate the baryon asymmetry of the Universe [4–7]. This can occur in
electroweak baryogenesis scenarios [8–10]; here we are interested in asymmetries produced
before the electroweak phase transition (EWPT).
In this paper we consider two-Higgs doublet models (2HDM) [11, 12]. If interactions
which exchange Higgs flavour are sufficiently weak, then the two populations of Higgs fields
could contain independent asymmetries in the early Universe. Since at least one of the Higgs
must couple to Standard Model (SM) fermions, its asymmetry is redistributed among other
SM particles by Yukawa interactions, prior to the electroweak phase transition. However,
hypercharge neutrality of the Universe relates the asymmetries among all charged particles.
This implies that a relative asymmetry among the Higgs scalars, generated by out-of-
equilibrium CP-violating processes in the Higgs sector, could be transformed into a baryon
asymmetry in the presence of (B + L)-violating sphalerons [13, 14]. The interest of such
baryogenesis scenarios is that they require no B or L-violating interactions beyond the non-
perturbative sphalerons of the SM, relying only on CP violation in an extended Higgs sector.
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The issue of “basis-independence” is of particular importance [15–17]. The point is
that physical observables cannot depend on a basis choice in the Lagrangian —one may ask,
for instance, what φ1 and φ2 are in the 2HDM. Clearly, the survival of a relative asymmetry
between the φ1’s and φ2’s in early Universe will depend on the speed of interactions that
exchange φ1 with φ2. But the pertinent coupling constants naively appear to depend on
the choice of φ1 and φ2. We show that such washout interactions are controlled by the mis-
alignment among different couplings, and can be parameterised in a basis-independent way.
The paper is organized as follows. A compendium of relevant results for the 2HDM
is given in section 2.1, followed by some estimates for interaction rates in the early Uni-
verse. Section 3 constrains parameters of the Higgs potential by requiring Higgs flavour
exchange to be out of equilibrium. In the second part of this section, we discuss the basis-
independence of these bounds. In section 4 we derive the equations of chemical equilib-
rium [18–20], which relate the asymmetries among SM particles and Higgs fields, due to the
SM interactions which are in equilibrium, and assuming that the Higgs flavour-exchanging
interactions are out of equilibrium. As a result, a nonvanishing equilibrium baryon asymme-
try is obtained in the presence of a relative Higgs asymmetry, even with B−L conservation.
Simple scenarios based on the out-of-equilibrium decay of singlet scalar fields into Higgs
doublets are presented in section 5. Finally, our conclusions are summarized in section 6.
2 The 2HDM at finite temperature
2.1 Notation and review
The interaction Lagrangian for the general 2HDM [11, 12] consists of a scalar potential plus
Yukawa coupling terms. The most general gauge invariant scalar potential can be written as
V = m211φ
†
1φ1 +m
2
22φ
†
2φ2 − [m
2
12φ
†
1φ2 + h.c.]
+
1
2
λ1(φ
†
1φ1)
2 +
1
2
λ2(φ
†
2φ2)
2 + λ3(φ
†
1φ1)(φ
†
2φ2) + λ4(φ
†
1φ2)(φ
†
2φ1)
+
[
1
2
λ5(φ
†
1φ2)
2 + λ6(φ
†
1φ1)(φ
†
1φ2) + λ7(φ
†
2φ2)(φ
†
1φ2) + H.c.
]
, (2.1)
where φ1 and φ2 are two complex SU(2)L doublet scalar fields of unit hypercharge; m
2
11,
m222, and λ1 . . . λ4 are real parameters, while m
2
12 and λ5, λ6, λ7 can be complex. In gen-
eral, both φ1 and φ2 can have Yukawa couplings to all the SM fermions. The Yukawa
interactions are
−LY = QL (Γ1φ1 + Γ2φ2) dR +QL (∆1φ˜1 +∆2φ˜2)uR +
+LL (Π1φ˜1 +Π2φ˜2) ℓR +H.c., (2.2)
where QL = (uL, dL)
T (uR and dR) is a vector in the 3-dimensional generation space of
left-handed quark doublets (right-handed charge +2/3 and −1/3 quarks). Accordingly, Γ1,
Γ2, ∆1, and ∆2 are 3 × 3 matrices in the respective quark generation spaces. Similarly,
LL = (νL, ℓL)
T and ℓR are vectors in the 3-dimensional generation space of left-handed
lepton doublets and right-handed charged leptons, respectively, while Π1 and Π2 are 3× 3
matrices. For simplicity, we assume that there are no right-handed neutrino fields.
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Model type φ1 φ2
Type I u, d, ℓ
Type II d, ℓ u
Type X ℓ u, d
Type Y d u, ℓ
Table 1. The four types of Z2 models and the corresponding Higgs couplings to fermions. Type
X is also known as “lepton specific”, and type Y as “flipped”. In the usual φu,d notation, φu = φ2
always.
Under global SU(2) transformations in (φ1, φ2) space, the kinetic terms of the Higgs
doublets are invariant, whereas the parameters of the scalar potential (and the Yukawa
couplings) will be modified. Such basis transformations in the Lagrangian cannot affect
observables, so the numerical value of the parameters in eq. (2.1) is only meaningful when
the basis is specified. Three obvious Higgs basis choices can be envisaged:
• m212 = 0 basis, where we put a tilde on the parameters (λ˜i, m˜
2
ii, y˜
f
i ),
• symmetry basis, where the parameters are lower case with a prime (λ′i,m
′2
ij , y
′f
i ),
• (thermal) mass eigenstate basis, where the parameters are uppercase (Λi,Mij , Y
f
i ).
Here, y˜fi , y
′f
i and Y
f
i denote the Yukawa matrices of the SM fermions f interacting with
the Higgs i, in the corresponding Higgs basis (so yui = (∆1,∆2), and so on).
Since our goal is to store an asymmetry between the Higgs populations prior to the
EWPT, interactions which exchange φ1 ↔ φ2 must be small (see next section). We refer
to such interactions as (Higgs) flavour-exchanging processes. For instance, in the m212 = 0
basis, the offending parameters from the potential are λ˜5, λ˜6 and λ˜7. In the Yukawa sector,
interactions of both Higgs doublets to either quarks or leptons will be strongly constrained.
This is because a relative asymmetry in the two Higgs populations should be preserved, so
the two Higgs fields cannot both share their asymmetry with the same fermions.
Some of the undesirable couplings can be suppressed by imposing a discrete Z2 sym-
metry
φ1 → −φ1 , φ2 → φ2 . (2.3)
In the basis where the symmetry has the above form, it implies m′12 = λ
′
6 = λ
′
7 = 0, so the
Higgs sector contains no explicit CP violation, because the phase of λ′5 can be rotated away
by a phase choice of the Higgs fields. If both scalar fields couple to fermions of the same
charge, then there will be flavour changing neutral scalar interactions, which are strongly
constrained by experiment. The undesirable Yukawa interactions can be removed by ex-
tending the Z2 symmetry of eq. (2.3) to the fermion sector, so that each fermion charge
sector only couples to one of the Higgs scalars. The four ways to implement this symmetry
are shown in table 1.
The discovery of a 125GeV scalar at the LHC places constraints on the 2HDM pa-
rameter space, studied so far in the context of a Z2 symmetry (λ
′
6 = λ
′
7 = 0), occasionally
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exact (m′12 = 0) [21–26]. After electroweak symmetry breaking, the neutral components of
the scalar fields acquire the vacuum expectation values (VEVs) 〈φ01〉 = v1 and 〈φ
0
2〉 = v2,
where v = (v21 + v
2
2)
1/2 ≃ 174GeV. Of the eight components in the two Higgs doublets,
three provide longitudinal components to W± and Z, two create a H± pair, two yield the
Higgs scalar (mh = 125GeV) and another neutral scalar (H), and the last gives a pseu-
doscalar (A). These masses and the VEVs are related to the parameters of the potential.
In particular, if both v1 6= 0 and v2 6= 0, then the stationarity conditions can be used to
write the pseudoscalar mass
m2A =
v2
v1v2
m
′2
12 − 2λ
′
5 v
2. (2.4)
This shows that requiring small φ1 ↔ φ2 exchanges through m
′
12 ∼ 0 and λ
′
5 ∼ 0, leads to
mA ∼ 0, unless v1v2 ∼ 0. This occurs because, in the m
′
12 = λ
′
5 = λ
′
6 = λ
′
7 = 0 limit, the
potential in eq. (2.1) has a global U(1) symmetry, which is broken by v1v2 6= 0, with the
consequent appearance of a massless Goldstone boson (mA = 0).
One solution is to consider the inert model [27–29], which is a Type I 2HDM with
exact Z2 and v1 = 0.
1 In that case,
m2A = m
′2
22 + (λ
′
3 + λ
′
4 − λ
′
5) v
2. (2.5)
This mass can be kept nonzero, even if λ′5 = 0, because the vacuum with v1 = 0 does not
break the global U(1). The only consequence of λ′5 = 0 is mH = mA. Because the inert φ1
does not couple to fermions, the lightest particle is a candidate for dark matter. A series of
very clear analyses of this model, including constraints from both LHC and WMAP, have
been performed by the Warsaw group [30–33]. They find large regions of parameter space
consistent with all known data, especially if the h → γγ signal is consistent with the SM
(Rγγ ∼ 1). This is within the 2σ ranges of current ATLAS [34] and CMS [35] data
ATLAS: Rγγ = 1.55
+0.33
−0.28 ,
CMS: Rγγ = 0.78
+0.28
−0.26 . (2.6)
Values of Rγγ larger than one restrict considerably the parameter space.
An additional constraint imposed on the Higgs spectrum by our baryogenesis scenario
is that φ1 and φ2 should be present in the thermal bath until the EWPT. If one of the φi
is sufficiently heavy that its population decays away prior to the EWPT, then the relative
Higgs asymmetry is lost.
2.2 Thermal masses and interaction rates
In this section we review interaction rates in a thermal bath. The relevant eigenbasis
for the external leg particles should be the thermal mass eigenstate basis, so we start by
1In the usual notation for the inert doublet model, only φ1 couples to fermions, while v2 = 0. In the
notation used here, the role of φ1 and φ2 are reversed, implying the changes m
′
11 ↔ m
′
22 and λ
′
1 ↔ λ
′
2.
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estimating the thermal mass matrix of the Higgs scalars, at temperatures T ≫ |mij |. At
finite temperature, the lowest order contribution to the mass-squared matrix is [36]
m2ij(T ) ≃
∂2Veff(T, φk)
∂φi∂φ∗j
, (2.7)
where Veff(T, φk) = V +VT is the effective potential, with V given in eq. (2.1). In the high
temperature limit (T ≫ |mij |),
VT =
T 2
12
Tr
[
m2
]
=
T 2
24
∑
i=1,2
giM
2(φi) , (2.8)
where gi = 4 for a complex doublet field, and the trace is calculated over the T = 0 scalar
mass-squared matrix in background field, i.e. allowing φ1 and φ2 to have non-zero values
so that M(φi) are field-dependent masses.
Neglecting zero-temperature loop contributions and finite-temperature fermion and
gauge contributions, we find
VT =
T 2
12
{
3λ1|φ1|
2 + (2λ3 + λ4)(|φ2|
2 + |φ1|
2) + 3λ2|φ2|
2 − [3(λ6 + λ7)φ
†
1φ2 +H.c.]
}
,
(2.9)
where the m2ij terms are dropped because they give no contribution to eq. (2.7). For an ar-
bitrary basis in the Higgs doublet space [37, 38], this gives the thermal mass-squared matrix
m2(T ) ≃
T 2
12
(
3λ1 + 2λ3 + λ4 −3λ6 − 3λ7
−3λ∗6 − 3λ
∗
7 3λ2 + 2λ3 + λ4
)
+
(
m211 m
2
12
m∗212 m
2
22
)
. (2.10)
Diagonalising this matrix gives the thermal mass eigenstate basis. In the presence of a Z2
symmetry, the thermal masses are simply given by
m211(T ) =
T 2
12
(3λ1 + 2λ3 + λ4) +m
2
11,
m222(T ) =
T 2
12
(3λ2 + 2λ3 + λ4) +m
2
22, (2.11)
so that no term of the type m212(T )φ
†
1φ2 is generated. Therefore, in the latter case, the
only link between φ1 and φ2 in the Higgs potential comes from the λ5 term, both at zero
and at finite temperature.
We now review the assumptions and approximations involved in our estimates for the
interaction rates. We take “thermal equilibrium” to describe a particle species distributed
following a Maxwell-Boltzmann distribution. At temperatures T ≪ mGUT ≃ 10
16GeV,
this will be the case for particles with SM gauge interactions. We define an interaction to
be in “chemical equilibrium” if it is fast enough to impose relations among the asymmetries
in the participating particles. This will be the case if its timescale, 1/Γ, is much shorter
than the age of the Universe ∼ 1/H, i.e. Γ≫ H, where
H =
√
4π3g∗
45
T 2
mP
≃
17T 2
mP
, (2.12)
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is the Hubble expansion parameter, g∗ is the number of relativistic degrees of freedom
(g∗ = 107.75 in the 2HDM) and mP = 1.22× 10
19GeV is the Planck mass.
We estimate the interaction rate Γ = γ/n, where ni ≃ giT
3/π2 is the equilibrium
density of an incident (massless) particle, and γ is the interaction density. For a process
ij → mn, where all the participating particles are in thermal equilibrium, γ is the thermally
averaged scattering rate,
γ(ij→mn) = 〈ninjσ(i+ j → . . .)〉
=
∫
dΠidΠjf
eq
i f
eq
j
∫
|M(i+j→m+n)|2 (2π)4δ4(pi+pj−pm−pn) dΠmdΠn
=
g1g2|Λ|
2 T 4
32π5
, (2.13)
where gi is the number of degrees of freedom of the particle in the bath (2 for a doublet),
dΠ =
d3p
2E(2π)3
is the relativistic phase space, and feq is the Maxwell-Boltzmann equilib-
rium distribution. The last equality in eq. (2.13) is the result for |M(i+j → m+n)|2 = |Λ|2.
3 Keeping Higgs flavour-exchanging interactions out of equilibrium
We suppose that particle-antiparticle asymmetries in φ1 and φ2 were generated at some
earlier epoch of the Universe. In section 5, we shall illustrate this in a simple framework.
We focus on the relative asymmetry between the two Higgs doublets:
Y∆φ1 − Y∆φ2 ≡
nφ1 − nφ1
s
−
nφ2 − nφ2
s
, (3.1)
where s is the entropy density of the Universe. We use the notation Y∆X for the asym-
metry YX −YX , where YX = nX/s is the comoving number density. This asymmetry will
be conserved as long as Higgs flavour-exchanging interactions are out of equilibrium. In
this section, we identify these interactions, estimate the constraints on the couplings, and
express these bounds in some useful bases.
In the thermal mass eigenstate basis, the flavour-exchanging Higgs interactions that
must be out of equilibrium are mediated by the quartic couplings Λ5, Λ6, and Λ7. Requiring
Γ≪ H at T ≃ 100GeV, and using eqs. (2.12) and (2.13), implies
|Λn| . few × 10
−7, n = 5, 6, 7, (3.2)
to keep the Higgs asymmetries separate for temperatures down to the EWPT. This condi-
tion applies in the thermal mass eigenstate basis; we translate it below to other bases.
Higgs flavour could also be exchanged via Yukawa couplings, if both Higgs doublets
interact with the same fermions. For simplicity, we only consider the third generation of
fermions. The t, b and τ have Yukawa interactions to both Higgs fields, so their Yukawa
couplings are vectors in Higgs doublet space, which we represent capitalised in the thermal
mass eigenstate basis. For instance, the top Yukawa coupling is (Y t1 , Y
t
2 ), with mt =
Y t1 v
T
1 +Y
t
2 v
T
2 , where the v
T
i are the zero-temperature Higgs VEVs in the thermal basis. The
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survival of the relative Higgs asymmetry requires that the Yukawa interactions, between a
fermion species f = t, b, τ and one of the Higgs doublets, be out of equilibrium:
min
i
γ(f + g/γ → f + φi)≪ nfH. (3.3)
For instance, in the case of the top quark, this gives
θ2t
αs
16π2
m2t
v2
≪ 17
T
mP
, (3.4)
where θt is the rotation angle between the thermal mass eigenstate Higgs basis and the
eigenvector of the top Yukawa coupling (cf. appendix A):
θt ≃
|Y t1 Y
t
2 |√
|Y t1 |
2 + |Y t2 |
2
≃
∣∣m212(T )∣∣∣∣m211(T )−m222(T )∣∣ , (3.5)
where the last expression is in the Yukawa eigenbasis.
At T ≃ 100GeV, eq. (3.4) requires
θt . few × 10
−7. (3.6)
Furthermore, using |λ6|, |λ7| . few ×10
−7 to satisfy eq. (3.2), and assuming m211 and m
2
22
of the order of the lightest Higgs mass, it follows from eqs. (2.10) and (3.5) that
|m212| . (100MeV)
2, (3.7)
in the Yukawa eigenbasis.
We remark that, in obtaining the bound (3.4), we approximatemt = (|Y
t
1 |
2+|Y t2 |
2)1/2 v,
that is, we neglect the misalignment between the top Yukawa coupling vector and the zero-
temperature VEVs. This could underestimate the magnitude of the Yukawa coupling (as
arises for the b and τ in the large tanβ limit of the supersymmetric SM). Therefore, the
interaction rates we obtain will be lower bounds. Similar bounds apply to other fermions f ,
with the replacement mt → mf (and αs → αQED/4 for leptons). This leads to the bounds
θb . 10
−5 → 10−7 for the b quark,
θτ . 10
−4 → 10−6 for the τ -charged lepton. (3.8)
The weaker limit corresponds to |Y f1 |
2 + |Y f2 |
2 = (mf/v)
2 and the stronger one to |Y f1 |
2 +
|Y f2 |
2 ∼ 1.
3.1 Basis-independent conditions
In this section, the conditions given in eqs. (3.2) and (3.4), which ensure the survival of a
relative Higgs asymmetry, are expressed in a way which is independent of the (Higgs) basis
transformation
Φ→ UΦ, (3.9)
where Φ = (φ1, φ2)
T andU is a 2×2 unitary matrix in Higgs flavour space. In refs. [15–17],
basis-independent combinations of potential parameters were constructed by contracting
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the parameters with the Higgs VEVs (a vector in Higgs doublet space). We will construct
similar invariants here, but replacing the Higgs VEV with the top Yukawa coupling, which
is more relevant for our scenario, and is also a vector in Higgs space (in the one generation
approximation). Indeed, one can combine the top Yukawa couplings in
− LY = tL
(
yt1, y
t
2
) ( φ1
φ2
)
tR + h.c., (3.10)
into a vector
yˆt =
1√
|yt1|
2 + |yt2|
2
(
yt1
yt2
)
, (3.11)
transforming as yˆt → U yˆt, and its orthogonal
ǫˆt =
1√
|yt1|
2 + |yt2|
2
(
−yt ∗2
yt ∗1
)
, (3.12)
transforming as ǫˆt → [detU]−1U ǫˆt. In the top basis (see appendix A), these vectors
become
yˆt =
(
1
0
)
, ǫˆt =
(
0
1
)
. (3.13)
From eq. (3.4), it is clear that the direction in Higgs space of the top Yukawa coupling
yˆt should approximately correspond to φ1 or φ2 of the thermal mass eigenstate basis. We
then simply impose the bounds of eqs. (3.2) and (3.4) in the basis of eq. (3.13).
It is convenient to introduce some notation patterned on ref. [17]. The quartic Higgs
interactions can be represented via a four-index tensor which appears in the Lagrangian as
1
2
Zab¯cd¯Φ
†
a¯ΦbΦ
†
c¯Φd where Φ
† = (φ†1, φ
†
2), and a, b, c, d = 1, 2. The barred (unbarred) notation
keeps track of which indices transform as U† (U), under the basis transformation (3.9).
The elements of Zab¯cd¯ are
Z11¯11¯ = λ1 , Z22¯22¯ = λ2 ,
Z11¯22¯ = Z22¯11¯ = λ3 , Z12¯21¯ = Z21¯12¯ = λ4 ,
Z12¯12¯ = λ5 , Z21¯21¯ = λ
∗
5 , (3.14)
Z11¯12¯ = Z12¯11¯ = λ6 , Z11¯21¯ = Z21¯11¯ = λ
∗
6 ,
Z22¯12¯ = Z12¯22¯ = λ7 , Z22¯21¯ = Z21¯22¯ = λ
∗
7 .
By analogy with the invariants |Z5|, |Z6|, and |Z7| presented in ref. [17], the following basis
invariant quantities can be constructed:
|S5| ≡ |Zab¯cd¯ yˆ
t∗
a¯ ǫˆ
t
b yˆ
t∗
c¯ ǫˆ
t
d|,
|S6| ≡ |Zab¯cd¯ yˆ
t∗
a¯ yˆ
t
b yˆ
t∗
c¯ ǫˆ
t
d|, (3.15)
|S7| ≡ |Zab¯cd¯ yˆ
t∗
a¯ ǫˆ
t
b ǫˆ
t∗
c¯ ǫˆ
t
d|.
These correspond to |λ5|, |λ6|, and |λ7| in the basis of eq. (3.13) and, consequently,
|Sn| . few × 10
−7 to satisfy eq. (3.2).
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As seen in appendix A, the rotation angle between the thermal mass eigenstate basis
and the top Yukawa eigenbasis of eq. (3.13) can be written in the top basis as
| tan (2θt)| =
2|mt212|
|mt211 −m
t2
22|
=
2
∣∣mt2
ab¯
yˆt∗a¯ ǫˆ
t
b
∣∣∣∣∣mt2
ab¯
yˆt∗a¯ yˆ
t
b −m
t2
ab¯
ǫˆt∗a¯ yˆ
t
b
∣∣∣ , (3.16)
where the last expression is manifestly basis invariant and, according to eq. (3.6), θt .
few × 10−7 to satisfy eq. (3.4).
Finally, the misalignment angles between the top, bottom and tau eigenbases can be
formulated in basis-independent notation as
min
{
yˆb · yˆt, yˆb · ǫˆt
}
≃ θb . 10
−5 → 10−7,
min
{
yˆτ · yˆt, yˆτ · ǫˆt
}
≃ θτ . 10
−4 → 10−6, (3.17)
where yˆb and yˆτ are defined analogously to yˆt in eq. (3.11) and the upper bounds on the
right-hand sides follow from eq. (3.8).
In summary, in a 2HDM prior to the EWPT, a relative Higgs asymmetry can survive
provided the Yukawa interactions and the Higgs potential have a certain form. The Higgs
potential parameters should satisfy the constraints |λn| . few ×10
−7 (n = 5, 6, 7), and
|m212| . (100MeV)
2. In the same basis, SM singlet fermions of a given charge (up-type
quarks, down-type quarks, charged leptons) should interact with approximately only one
Higgs field, that is, the model should be of type I, II, X, or Y.
4 Chemical equilibrium relations
Let us now study the redistribution of asymmetries in conserved quantum numbers due to
interactions in equilibrium. We assume that Higgs flavour-exchanging interactions are not
in equilibrium. We neglect lepton flavour asymmetries, so that the (exactly and effectively)
conserved quantum numbers are the hypercharge, B−L, and the relative Higgs asymmetry.
Assuming that the asymmetries in all species are small, they are related to the chemical
potential µ as
ni − ni =
giT
2
6
µi ×
{
2 for bosons
1 for fermions
, (4.1)
where gi is the number of degrees of freedom of the particle.
We take the thermal bath to contain the SM fermions and gauge bosons, and two
Higgs doublets. We consider temperatures just prior to the EWPT, when all the Yukawa
interactions are in equilibrium, but gauge symmetries are unbroken, so that the gauge
bosons have zero chemical potential. Our aim is to investigate whether a Higgs asymmetry,
as given in eq. (3.1), can be used to generate a baryon asymmetry.
If an interaction is in chemical equilibrium, then the sum of the chemical potentials of
the participating particles should vanish. The SM Yukawa interactions impose the relations
−µq + µφd + µdR = 0, (4.2)
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−µq − µφu + µuR = 0, (4.3)
−µℓ + µφe + µeR = 0, (4.4)
where φd, φu and φe denote the scalar that couples to the down-type quarks, up-type
quarks and charged leptons, respectively. Since in the usual notation φu = φ2, the various
models in table 1 differ by whether φd and/or φe coincide with φ2.
The electroweak sphalerons impose
3µq + µℓ = 0, (4.5)
while the QCD sphalerons lead to the chemical equilibrium condition
2µq − µuR − µdR = 0. (4.6)
Adding eqs. (4.2), (4.3), and (4.6), we find
µφd − µφu = 0. (4.7)
In type II and type Y models, where φ2 couples to up-type quarks, and φ1 to down-type
quarks, this forces µφ1 − µφ2 to vanish [39]. Therefore, in 2HDM of type II and type Y, a
relative Higgs asymmetry would be washed out. In contrast, in type I and type X models,
φd = φ2 = φu, eq. (4.7) is trivially satisfied, and thus one can have µφ1 − µφ2 6= 0. Next
we show that, provided a Higgs asymmetry was created in early Universe, it can be used
to generate a baryon asymmetry at later times.
The baryon and lepton number comoving asymmetries are given by
Y∆B = Ng(2µq + µuR + µdR)
T 2
3s
= 4Ngµq
T 2
3s
,
Y∆L = Ng(2µℓ + µeR)
T 2
3s
= −Ng(9µq + µφe)
T 2
3s
, (4.8)
where Ng = 3 is the number of generations, and eqs. (4.4)–(4.6) have been used to rewrite
the right-hand sides of these expressions. As a result,
Y∆B − Y∆L = Ng (13µq + µφe)
T 2
3s
. (4.9)
Finally, hypercharge (or, equivalently, electric) neutrality of the plasma gives
Ng (−µeR − µℓ + µq + 2µuR − µdR) + 2(µφ1 + µφ2)
= Ng (8µq + µφe + 3µφ2) + 2(µφ1 + µφ2) = 0. (4.10)
The equilibrium baryon asymmetry can then be written as a function of B − L and the
Higgs asymmetry:
Y∆B =
8
23
(Y∆B − Y∆L) +
3
46
(Y∆φ1 − Y∆φ2) for type I, (4.11)
Y∆B =
8
23
(Y∆B − Y∆L)−
33
92
(Y∆φ1 − Y∆φ2) for type X. (4.12)
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Eqs. (4.11) and (4.12) give a baryon asymmetry in the presence of a relative Higgs
asymmetry, even if Y∆B − Y∆L = 0. Thus, in these cases, the baryon asymmetry is
due exclusively to the initial imbalance between the asymmetry in φ1 and the asymmetry
in φ2. We dub this scenario as split Higgsogenesis. As far as we know, this is a novel
mechanism for baryogenesis. This is reminiscent of certain asymmetric dark matter (DM)
models [40, 41], where an asymmetry is generated in a new dark sector (which contains
the DM candidate), and then is shared with the SM fermions. The role that the Higgs can
play in transferring asymmetries between the SM fermions and the dark sector has been
recently emphasized in ref. [42]. However, φ1 does not seem to be a successful asymmetric
DM candidate in the simple model discussed here.2
Let us assume that, indeed, Y∆B = Y∆L. Using eqs. (4.9)–(4.12), we find
Y∆B =
3
46
(Y∆φ1 − Y∆φ2) = −
6
13
Y∆φ2 =
6
79
Y∆φ1 for type I, (4.13)
Y∆B = −
33
92
(Y∆φ1 − Y∆φ2) = −
6
13
Y∆φ1 =
66
41
Y∆φ2 for type X. (4.14)
The type I model is particularly interesting because φ1 does not couple to any fermion and
could act as dark matter. In that case, Y∆φ1/Y∆B = 79/6, so the DM scalar should be
lighter than the proton3 to obtain ΩDM ∼ 5ΩB. We recall that the mass density of baryons
in the Universe today, as inferred from WMAP in the context of ΛCDM cosmology, is [46]
mp
ρc
(nB − nB) = ΩBh
2 = 0.02255± 0.0054, (4.15)
or equivalently,
Y∆B = (8.79± 0.44)× 10
−11, (4.16)
where mp is the proton mass, h ≡ H0/(100 km s
−1Mpc−1) = 0.742 ± 0.036 is the present
Hubble parameter, and ρc = 3H
2
0/(8πG) is the critical density of a spatially flat Universe.
On the other hand, for the ΛCDM cosmology with three light neutrinos, the cold dark
matter relic abundance is ΩDMh
2 = 0.1126± 0.0036 [46], so that the ratio of dark matter
particles to baryons is YDM/Y∆B ∼ 5mp/mDM.
Before concluding this section, it is worth commenting on particular cases of our results,
which appeared previously in the literature. In ref. [20], Harvey and Turner have studied
a model with m Higgs doublets coupled to all fermions. They evoked mixing between
the doublets to maintain equalities of their chemical potentials; for two Higgs, this means
Y∆φ2 = Y∆φ1 . Using this relation in our eq. (4.11), we recover eq. (9b) of ref. [20] with N =
Ng = 3 and m = 2. In ref. [39], Mohapatra and Zhang pointed out that in a type II 2HDM
the equality Y∆φ2 = Y∆φ1 need not be imposed, since it arises from the QCD sphaleron
2Symmetric dark matter and electroweak baryogenesis have been recently discussed in the inert doublet
model in refs. [43–45].
3Alternatively, one could assume a primordial B−L asymmetry, no relative Higgs asymmetry, and let the
λ5 coupling (allowed by the Z2 symmetry which ensures DM stability) to equilibrate the asymmetry between
the two Higgs fields. Then, eq. (4.10) yields a Higgs asymmetry smaller than the baryon asymmetry: Y∆φ1 =
Y∆φ2 = −Y∆B/8. This corresponds to a scalar DM mass ∼ 20GeV, which is ruled out by the width of the
Z boson. Furthermore, λ5 would mediate DM-anti-DM oscillations which would wash out the asymmetry.
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chemical equilibrium condition, in agreement with our eq. (4.7). Notice however that in
these works there is no split Higgsogenesis, and B − L violation is required to generate
baryogenesis. We also emphasize that the conditions for the conservation of the relative
asymmetry between the Higgs doublets require the flavour-exchanging Higgs interactions
to be out of equilibrium. If this requirement is not fulfilled, additional equations for the
chemical potentials are introduced, leading to the equality of the Higgs chemical potentials.
5 Simple split-Higgsogenesis scenarios
Our goal in this section is to provide a few simple scenarios for baryogenesis through split-
Higgsogenesis, where the cosmological baryon asymmetry could in principle be generated
via the out-of-equilibrium decay of heavy singlet scalars into Higgs doublets.
5.1 One extra singlet scalar
We consider an inert 2HDM extended by one real scalar singlet. The two Higgs doublets,
φ1 and φ2, and the singlet scalar S transform under Z2 as
φ1 → −φ1, φ2 → φ2, S → −S. (5.1)
The Z2-invariant Higgs potential can be written as
V = Vφ + VS + VSφ, (5.2)
where
Vφ = m
2
11 |φ1|
2 +m222 |φ2|
2 +
1
2
λ1 |φ1|
4 +
1
2
λ2 |φ2|
4 + λ3 |φ1|
2|φ2|
2 + λ4 (φ
†
1φ2)(φ
†
2φ1)
+
1
2
λ5
[
(φ†1φ2)
2 + h.c.
]
,
VS = M
2 S2 + λS S
4, (5.3)
VSφ = z1M(φ
†
1φ2)S + z
∗
1M(φ
†
2φ1)S + β1 |φ1|
2 S2 + β2 |φ2|
2 S2.
All parameters are real but z1, so that CP violation in the scalar sector is related with a
complex z1.
We address now the question whether this model can be used to generate a CP asym-
metry in the Higgs sector that could be converted into a baryon asymmetry. The basic idea
is analogous to that of the standard leptogenesis scenario. A population of S’s is produced
through scattering processes at temperatures T ∼ M ≫ mφ1,φ2 . This population decays
away at T < M , when the singlet scalar equilibrium density is Boltzmann suppressed. If
the interactions of the heavy singlet S are CP-violating, and provided that the relevant
interactions are out of equilibrium, a net Higgs asymmetry can be generated. The latter is
then converted into a baryon asymmetry by the sphalerons. To illustrate our mechanism,
let us consider the tree-level and one-loop diagrams4 depicted in figure 1.
4There is also a one-loop vertex correction to the tree-level diagram, but since it carries the same phase
z1, it does not contribute to the Higgs CP asymmetry.
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S
1
2¯
+
S
1¯
2
2¯
1
z1 z
∗
1
λ5
Figure 1. Diagrams contributing to the Higgs CP asymmetry. The notation 1 and 2¯ refers to φ1
and φ¯2, respectively.
We have two contributions with different CP-odd phases; z1 and z
∗
1 . Because the
second diagram is a loop diagram, a cut on this diagram leads to an absorptive part that
contains the CP-even phase needed for CP violation in decays. As a result, the interference
of the tree-level and one-loop amplitudes leads to a nonvanishing CP asymmetry in the
final Higgs states. Defining this asymmetry as
ǫ =
Γ(S → φ1 φ¯2)− Γ(S → φ¯1 φ2)
Γ(S → φ1 φ¯2) + Γ(S → φ¯1 φ2)
, (5.4)
we find
ǫ ≃
|c0A0 + c1A1|
2 − |c∗0A0 + c
∗
1A1|
2
|c0A0 + c1A1|
2 + |c∗0A0 + c
∗
1A1|
2
≃ −4
Im [c∗0c1] Im
[
A∗0A1
]
2|c0|2|A0|2
, (5.5)
where A0 and A1 are the tree-level and one-loop amplitudes, respectively. For the decay
of figure 1, one has c0 = −z1, c1 = 3λ5 z
∗
1 and A0 = 1. Thus, the weak phase gives
Im [c∗0 c1] = −3 Im [z
∗
1 λ5 z
∗
1 ] , (5.6)
while the strong phase comes from
Im
[
A∗0A1
]
= −
1
16π
. (5.7)
We then get
ǫ ≃ −
3
8π
Im [z∗1 λ5 z
∗
1 ]
2|z1|2
=
3
16π
λ5 sin[2 arg(z1)]. (5.8)
Thus, in this simple scenario, the Higgs asymmetry is controlled by the strength of the
quartic parameter λ5 and the phase of the coupling z1.
The final baryon asymmetry (baryon-to-entropy ratio) can be approximated as
Y∆B ≃ Y
eq
S × C × ǫ η, (5.9)
where the first factor is the equilibrium S number density divided by the entropy density,
the second factor is the fraction of the Higgs asymmetry converted into a baryon asymmetry
by the sphalerons (C = 3/46 in the present case), and the efficiency factor η (0 ≤ η ≤ 1)
measures how efficient the out-of-equilibrium S-decays are in producing the asymmetry.
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Although a precise computation of η requires the solution of a full set of Boltzmann
equations, simple analytical estimates can be given. It is useful to introduce the decay
parameter
K =
ΓD(T = 0)
H(T =M)
, (5.10)
where ΓD = |z1|
2M/(8π) is the tree-level decay rate of the singlet S into the two Higgs
doublets. In the so-called weak washout regime (K ≪ 1), i.e. when the scalar singlet decays
strongly out of equilibrium, the efficiency factor is η ≃ 1. In the strong washout regime
(K ≫ 1), the efficiency does not depend on the initial conditions, and is mildly suppressed
as η ≃ 1/K. For intermediate values of K (K . 1 or K & 1) the efficiency depends on the
assumed initial conditions. We can roughly approximate it as η ∼ min(1, 1/K), if S has
thermal initial abundance, or η ∼ min(K, 1/K), if S has zero initial abundance.
An estimate for Y∆B can be obtained from eq. (5.9) in the form:
Y∆B ≃
135ζ(3)
92π4g∗
ǫ η ≃ 2× 10−4ǫ η. (5.11)
This is to be compared with the WMAP inferred value given in eq. (4.16). Since eq. (5.8)
leads to the upper bound |ǫ| . 6× 10−2λ5, then eq. (5.11), when combined with eq. (4.16),
requires
λ5 η & 7× 10
−6. (5.12)
Notice that between the mass scale M and the EW scale an effective quartic coupling
λeff5 = λ5 +
1
2
z21 is generated by S-exchange. Recalling that, for the relative asymmetry
between φ1 and φ2 to survive, interactions which exchange φ1 ↔ φ2 must be out of equi-
librium until the electroweak scale, then eq. (3.2) imposes |λeff5 | . few × 10
−7. Thus, in
this simple setup, unless there is a fine-tuned cancellation between λ5 and z
2
1 to satisfy
this bound, we cannot accommodate the observed baryon asymmetry (4.16), even with a
maximal efficiency η ≃ 1.
5.2 One extra singlet and a third doublet
We consider now a model with three doublet scalars and one real scalar singlet. The Higgs
doublets, φ1, φ2 and φ3, and the singlet scalar S transform under Z2 as
φ1 → −φ1, φ3 → −φ3, φ2 → φ2, S → −S. (5.13)
The singlet and the third doublet φ3 will be significantly heavier than the EW scale; φ1
and φ3 are defined as the Z2-odd mass eigenstates. The Z2-invariant Higgs potential can
be written as
V3 = V +∆Vφ +∆VSφ, (5.14)
where V is given in eqs. (5.2)–(5.3) and
∆Vφ = m
2
33 |φ3|
2 +
1
2
λ3333 |φ3|
4 + λ1133 |φ1|
2|φ3|
2 + λ2233 |φ2|
2|φ3|
2
+λ1331 (φ
†
1φ3)(φ
†
3φ1) + λ2332 (φ
†
2φ3)(φ
†
3φ2)
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+
[
1
2
λ1313(φ
†
1φ3)
2 +
1
2
λ3232(φ
†
3φ2)
2 + λ1223(φ
†
1φ2)(φ
†
2φ3) + λ1232(φ
†
1φ2)(φ
†
3φ2)
+λ1311(φ
†
1φ3)(φ
†
1φ1) + λ1322(φ
†
1φ3)(φ
†
2φ2) + λ1333(φ
†
1φ3)(φ
†
3φ3) + H.c.
]
,
∆VSφ = z3M(φ
†
3φ2)S + z
∗
3M(φ
†
2φ3)S + β3 |φ3|
2 S2 +
[
β13 φ
†
1φ3 S
2 +H.c.
]
. (5.15)
The basic idea is similar to the 2HDM with an extra singlet. A population of S’s is
produced through scattering processes at temperatures T ∼ M > m33 ≫ mφ1,φ2 . This
population decays away at T < M , when the singlet scalar equilibrium density is Boltz-
mann suppressed. If the interactions of the heavy singlet S are CP-violating, asymmetries
among the three Higgs doublets can be generated. When washout interactions are out of
equilibrium, the asymmetries can survive. The φ3 later decay to φ1, leaving an asymmetry
between φ2 and φ1. Assuming the asymmetry from S → φ1φ
∗
2 to be negligible, due to the
bounds on λ5 and z
2
1 , we neglect it and focus on a possible asymmetry from S → φ3φ
∗
2.
We consider tree-level and one-loop diagrams analogous to those depicted in figure 1,
with φ1 → φ3, z1 → z3, and λ5 → λ3232. The interference of the tree-level and one-loop
amplitudes leads to a nonvanishing CP asymmetry in the final Higgs states:
ǫ =
Γ(S → φ3 φ¯2)− Γ(S → φ¯3 φ2)
Γ(S → all)
≃ −
3
8π
Im [z∗3 λ3232 z
∗
3 ]
2|z3|2
=
3
16π
λ3232 sin[2 arg(z3)],
(5.16)
where the contribution of z1 to the total decay rate has been neglected.
For the relative asymmetry between φ3 + φ1 and φ2 to survive, interactions which
exchange φ3 with φ2 must be out of equilibrium until the φ3 decay. (Recall that we have
already imposed that interactions exchanging φ1 ↔ φ2 are out of thermal equilibrium). By
extrapolating eq. (3.2) to higher temperatures, this imposes
|z3|
2, |λ3232| < few × 10
−7
√
m33
TeV
, (5.17)
assuming that S-exchange generates an effective λeff3232 = λ3232 +
1
2
z23 between the temper-
ature scales M and m33, and that φ3 decay at T ≃ 10m33. From eqs. (5.11) and (4.16), a
large enough asymmetry is obtained for m33 & 10
8GeV, provided the washout effects are
not too strong, η ≃ O(0.1). Since the efficiency of Higgsogenesis is controlled by the decay
parameter K defined in eq. (5.10),
K =
|z3|
2
136π
mP
M
≃ 3×
(
|z3|
2
10−4
)
×
(
1012GeV
M
)
, (5.18)
this implies M & 1012GeV.
5.3 Two extra singlet scalars
Let us now consider a model with two real scalar singlets Si (i = 1, 2), both transforming
under Z2 as Si → −Si. The Higgs potential can be written as in eqs. (5.2)–(5.3), but
in this case VS and VSφ contain additional terms. In particular, VSφ contains the cubic
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S1
1
2¯
+
z∗1
S2
z2
z2
2
1¯
S1
1¯
2
z∗1
z2 z2
S2
2¯
1
Figure 2. New diagrams contributing to the Higgs CP asymmetry in the presence of two singlet
scalars. The notation 1 and 2¯ refers to φ1 and φ¯2, respectively.
terms ziMi (φ
†
1φ2)Si + z
∗
i Mi (φ
†
2φ1)Si , in addition to six quartic terms. Similarly, VS has
several quartic terms and, without loss of generality, we choose a {S1, S2} basis where the
quadratic terms are already diagonalized, and assume M1 < M2.
In what follows, we make the following simplifying assumptions: the heavy singlet
spectrum is hierarchical, M1 ≪ M2; there is a thermal production of S1 and negligible
production of S2. With these assumptions, the Higgsogenesis mechanism will proceed via
the out-of-equilibrium decays of S1. The decay S1 → φ1φ¯2 is still mediated by the diagrams
in figure 1, but we also have the additional (vertex and self-energy) diagrams depicted in
figure 2.
These diagrams carry the phase of z∗1z
2
2 , which will be beaten against the z1 phase
from the tree level diagram in figure 1. As a result, in this model, even if λ5 vanishes, there
is a CP-violating contribution proportional to Im(z∗21 z
2
2). The resulting CP asymmetry, as
given in eq. (5.4), can be evaluated following the standard procedure. Neglecting the λ5
contribution coming from the one-loop diagram of figure 1, we obtain
ǫ1 ≃ −
1
4π
Im
[
(z∗1z2)
2
]
|z1|2
[
1
2
f(x2) + g(x2)
]
, (5.19)
where x2 =M
2
2 /M
2
1 , and
f(x) = x ln
( x
1 + x
)
, g(x) =
x
1− x
, (5.20)
are the vertex and self-energy one-loop functions, respectively.
In the hierarchical limit, x2 ≫ 1, f(x2) ≃ −1, g(x2) ≃ −1, and the CP asymmetry is
approximately given by
ǫ1 ≃
3
8π
Im
[
(z∗1z2)
2
]
|z1|2
=
3
8π
|z2|
2 sin[2 arg(z∗1z2)]. (5.21)
From eqs. (5.11), (4.16) and (5.21) we then conclude that a successful generation of
the baryon asymmetry within the present model requires
|z2|
2 η & few × 10−6, (5.22)
which in turn implies that |z2|
2 & few×10−6. Yet, as in the case with one extra singlet, an
effective quartic coupling λeff5 = λ5+
1
2
z21 +
1
2
z22 is generated by S-exchange between the M
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and EW temperature scales. The latter should satisfy the bound |λeff5 | . few × 10
−7. So,
in this case, to accommodate the observed baryon asymmetry (4.16) we should have some
relation between λ5, z
2
1 and/or z
2
2 ; for example, z1 ≃ iz2 to avoid the restrictive bounds on
these couplings.
6 Summary
In this work, we have studied the possibility of generating the cosmological baryon asymme-
try in the context of 2HDM extensions of the SM, prior to the electroweak phase transition.
We have shown that if the Higgs-flavour exchanging interactions are sufficiently slow in the
early Universe, then a relative asymmetry among the Higgs doublets corresponds to an ef-
fectively conserved quantum number. Such a relative Higgs asymmetry can be transformed
into a baryon asymmetry by the sphalerons, without the need for B − L violation.
Among the four possible types of Z2 models considered, we have demonstrated that
this “split Higgsogenesis” mechanism is only possible in the framework of a type-I or type-X
2HDM. We then presented simple scenarios to generate a Higgs asymmetry, based on inert
type-I 2HDMs extended by heavy singlet scalar fields and/or one extra Higgs doublet.
In the presence of CP-violating interactions, the out-of-equilibrium decays of the heavy
singlets into the Higgs doublets can produce a net Higgs asymmetry and the mechanism of
baryogenesis through (split) Higgsogenesis can be viable. Since a successful implementation
of our mechanism requires the scalar potential parameters to satisfy definite bounds, we
have also paid particular attention to their basis-independent formulation.
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A The mass basis and the top basis
Let us consider the quadratic terms of the scalar potential,
V2 =
(
φ†1 φ
†
2
)
M
(
φ1
φ2
)
, (A.1)
where
M =
(
m211 −m
2
12
−
(
m212
)∗
m222
)
(A.2)
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is a Hermitian matrix. Its eigenvalues are
M21,2 =
m211 +m
2
22
2
±
1
2
√
(m211 −m
2
22)
2 + 4
∣∣m212∣∣2 . (A.3)
The top Yukawa couplings can be written as
− LY = t¯L
(
yt1 y
t
2
) ( φ˜1
φ˜2
)
tR +H.c., (A.4)
from which we may build the Hermitian matrix
H =
(
|yt1|
2 yt1 y
t∗
2
yt∗1 y
t
2 |y
t
2|
2
)
. (A.5)
Its eigenvalues are (
ytop
)2
= |yt1|
2 + |yt2|
2, (A.6)
and zero.
In the mass basis, M is diagonal and H has the form
H =
(
|ytm1 |
2 ytm1 y
tm∗
2
ytm∗1 y
tm
2 |y
tm
2 |
2
)
. (A.7)
In the top basis, H is diagonal, only one Higgs scalar couples to the top, and
M =
(
mt 211 −m
t 2
12
−
(
mt 212
)∗
mt 222
)
. (A.8)
Notice that we have used the superscript “m” to stress that the matrix elements of H are
to be calculated in the basis where M is diagonal. Similarly, the superscript “t” indicates
that the matrix elements of M are to be calculated in the basis where H is diagonal.
There is physical content in the misalignment between the two bases, which can be
expressed in a basis-invariant way through the relation
sin2 (2θt) =
4 det [H,M]
[2 Tr (H2)− (TrH)2] [2 Tr (M2)− (TrM)2]
. (A.9)
In the top basis, the above equation yields
sin2(2θt) =
4
∣∣mt 212∣∣2(
mt 211 −m
t 2
22
)2
+ 4
∣∣mt 212∣∣2 , (A.10)
or equivalently,
| tan(2θt)| =
2 |mt 212 |
|mt 211 −m
t 2
22 |
. (A.11)
In the mass basis, it leads to
sin2(2θt) =
4
∣∣ytm1 ∣∣2 ∣∣ytm2 ∣∣2
|ytm1 |
2
+ |ytm2 |
2
. (A.12)
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For small angles we can then write
θt ≃
∣∣ytm1 ytm2 ∣∣√
|ytm1 |
2
+ |ytm2 |
2
≃
∣∣mt 212∣∣∣∣mt 211 −mt 222∣∣ . (A.13)
This equation provides two different ways of writing the misalignment between the top and
the mass bases to be used in the text.
Thus far we did not need to specify whether the mass matrix M in eq. (A.2) is to be
calculated at a finite temperature T , or at T = 0; the expressions hold for any case. But one
subtlety must be pointed out when using eq. (A.13) with a temperature-dependent matrix
M(T ). The thermal mass basis rotates as the temperature varies, as can be seen from
eq. (2.10). The top basis, on the other hand, is temperature independent, and the bound
of eq. (3.4) must be satisfied from the temperature when the Higgs asymmetry is created
until the EWPT. This implies that the thermal basis cannot rotate much during this period.
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